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Abstract 
Manufacturing is a constantly changing field where new innovations and continuous improvements 
ensure competitiveness. Recent manufacturing revolutions include additive manufacturing and the 
empowerment of Do It Yourself (DIY) users. This paper reports on the development of a desktop 
hybrid machine that incorporates subtractive and additive manufacturing principles, in particular 
grinding and wire extrusion. Due to the small machine size of less than 1 m3 and use of modular 
components it will be applicable in small scale operations and will have a low energy footprint. 
The article discusses the initial design and further improvements which have been done as senior 
design capstone projects, through summer internships and team work of graduate and undergraduate 
students. The first generation machine will be improved by stronger motor modules of up to 1.8Nm 
torque compared to 0.7Nm and new module connections that can be 3D printed instead of sheet 
metal connections. Future versions of the machine will have even more printable components. The 
machine control has been built on NI LabVIEW to enable path planning, machine control, manual 
steering, and integration of closed-loop algorithms on one standard platform. 
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1 Introduction 
Manufacturing continues to be an important pillar of economic growth in the United States 
(Webster, 2015). Nevertheless, industry has always been subjected to improvements and disruptive 
innovations changing the conventional methods of fabrication (Berman, 2012). Nowadays, additive 
manufacturing is attracting a lot of attention not only from industry but also from Do It Yourself 
(DIY) users and students. The integration of computing and manufacturing gives individuals with no 
background in manufacturing a chance to design, prototype and produce in their own garage (Fox, 
2014). Desktop 3D printers, mills, and lathes will become accessible through community libraries or 
maker fairs. 
To explore the idea of small scale manufacturing, a first generation modular desktop grinding 
machine was developed at UC Davis through a capstone project for senior students in mechanical 
engineering (Linke et al., 2015). The undergraduate team was tasked to develop and fabricate a 
machine with two major design requirements: configurability and affordability. It was necessary that 
the machine tool was easily assembled and disassembled by an end-user (e.g. engineering student or 
hobbyist). The configuration was adaptive by performing a change over from freeform grinding to 
cylindrical grinding within 15 minutes (Figure 1). Furthermore, the system had the potential for 
additional configurations. A modular, reconfigurable design gives tremendous flexibility and cost-
effectiveness. 
The mechanical design of the first generation machine included multiple subassembly groups: the 
base, motors, linear movement gearbox, power tool, power tool holder, and arm connectors. A 
major design component of the system were the Linkbot modules which were used as motors. These 
modules were invented in the Integration Engineering Laboratory at UC Davis and are now produced 
by the start- up company Barobo, Inc. The modules are pre-packaged with a GUI, which can 
connect multiple modules simultaneously. They are controlled through Bluetooth and have integrated 
batteries. 
The torque output of 0.7 Nm (100 oz-in) was not high enough to move larger masses with 
high precision. Studies on the system where the tool tip had to follow a given path revealed 
inaccuracies reaching millimeters at times, which was mainly due to vibrations, low stiffness of the 
assembled arm, and motor slip. 
The control of the first generation desktop machine was cumbersome and involved MATLAB 
programming, Barobo’s ChIDE software and BaroboLink developed by Borobo, Inc. to control 
multiple Linkbot modules. 
 
 
   
Figure 1: Desktop machine tool for freeform grinding (left) and cylindrical grinding (right) 
(Linke et al., 2015). 
 
From the first machine generation, several areas of improvements were defined and tackled with 
the following steps: 
• Higher precision of the whole system is needed.  This will be achieved by using a 
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new motor module with higher torque (MASTeR module) at critical locations. 
• The modularity should be improved.  The main arm components and connections 
will be designed for 3D printing. The existing sheet metal parts will be replaced by 
lighter 3D printed parts while maintaining sufficient strength. 
• The manufacturing capabilities should be enlarged.  The system will be hybridized by 
adding a 3D printing system. 
• User-friendliness and flexibility of the control need to be improved.  The control 
programs will be standardized and based on a NI LabVIEW platform. Additional 
control options through a Wii Nunchuk as a joystick will be included. 
 
All developments were conducted as student projects. Table 1 shows the timeline of the project. 
The improvement steps will be discussed in the following chapters. 
 
Table 1: Timeline of desktop machine development 
Timeline Project Student Involvement 
WQ*/SQ**2014 Development of 1st generation 
desktop machine 
Senior design capstone 
team (3 undergraduate 
WQ/ SQ 2015 MASTeR module development Senior design capstone 
team (4 undergraduate 
students) 
SQ 2015– 
Present 
Programming of machine control 
(ongoing) Design and fabrication of arm 
components using 3D printing (ongoing) 
Team of 1 graduate student 
and 2 undergraduate 
students 
Summer 
2015– Present 
Hybridization of the desktop 
grinding machine (ongoing) 
Team of 1 graduate student 
and 3 undergraduate 
students 
               *Winter Quarter 
               **Spring Quarter 
 
2 Second generation mechanical design 
2.1 MASTeR module development 
The first generation modular desktop machine showed low stiffness and torque for the Linkbots. 
Therefore, a new motor module was developed in a second capstone project for senior students in 
mechanical engineering. The main goals were ensuring a high angular precision of the new motors, 
ensuring a high torque output, and having similar outer dimensions as the Linkbot modules. 
Furthermore, the modules should be individually programmable similar as the Linkbots. 
The motor modules have either two motors aligned (“I-type”) or two motors perpendicular 
(“L-type”). The capstone team’s design uses two compact 211 NEMA 11 stepper motors joined with 
custom-built 1:150 ratio gearboxes, and an Arduino Mini 05 microcontroller coupled with two 
stepper motor drivers (Figure 2). All components are contained in a 3D-printed housing module made 
of polylactic acid (PLA). The important results were high angular precision with step size of 0.012 
degrees and an uncertainty of 0.006 degrees. A high torque output of 255 oz in (1.8 Nm) was 
achieved, while keeping the form factor of 2.3x2.85x3.5 inches (58.42x72.39x89mm). 
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 Figure 2: Fully assembled MASTeR module 
Learning outcomes: The design project taught teamwork skills, project management, trouble-
shooting, and technical communication. The student team documented the whole design process and 
generated an assembly report to ensure that the project can be continued. 
2.2 Design and fabrication of arm components using 3D printing 
This research project is focused on strengthening the idea of Do It Yourself (DIY) applications. 
And because 3D printing becoming a mainstream fabrication processes (Rayna and Striukova, 2015) 
design for DIY machines will be much more easier. Having said that, the past desktop machine has to 
be redesigned so that an end user can print most machine parts themselves or order them from a local 
3D printing shop. First, the arm connectors are re-designed for fused deposition modeling (FDM) 
polymer printing. Initial functional tests are promising, but further mechanical design analyses are 
planned. Figure 3 (left) shows the arm connector between an I-type Linkbot motor module and the 
MASTeR module. Figure 3 (right) shows a connection between a Linkbot with the base of a 
MASTeR module. 
 
 
 
Figure 3: (left) 3D printed arm connector, (right) 3D printed connection between MASTeR 
module and Linkbots 
 
A main concern of additive manufacturing with polymers is the mechanical strength of the 
printed parts, specifically when using the material polylacid (Wittbrodt and Pearce, 2015). Figure 4 
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demonstrates the parts that have been 3D printed using PLA plastic but failed under load of the arm 
which includes motor modules and the handheld grinder. In addition to mechanical failures, there 
were printing failures which are demonstrated on the right hand side, parts that failed due to the 
tolerance specifications. 
        
Figure 4: (left) Malfunctioning and deformed 3D printed parts, (right) and parts with tolerance 
issues 
 
Since modularity of the arm was one of the main focuses of this project, component design 
focused on parts that could easily be assembled. 
Learning outcomes: The students learned to appreciate the design freedom with 3D printing. 
They also learned to be cautious with tight tolerances, since some desktop 3D printers have a 
low precision. They also focused on deformation of 3D printed parts in the use phase. 
 
2.3 Hybridization of the desktop grinding machine 
As stated in the introduction, hybrid machines will become more important in the future. 3D 
printing is the new paradigm changer in manufacturing (Gao et al., 2015) and it is important to 
expose student to this technology. Figure 5 demonstrates a possible configuration for a modular arm 
on a linear axis and the structure for the future 3D printing system. This system is a three 
dimensional gantry system. This concept is still under investigation and in the preliminary 
design stage. 
For the 3D printing technology, several processes were discussed. The most promising 
process in terms of flexibility and user-friendliness was wire extrusion. Here, a heated nozzle 
deposits polymer material that is fed to the nozzle as wire. The first design for this project 
included a 3D Doodler printing pen from Doodler, Inc. This commercially available printing 
tool is small and can print polymers which quickly solidify in air without support structures. 
However, the 3D Doodler pen is mainly developed for crafting and it cannot achieve the required 
precision, which is within a tolerance of 4 microns. Also, tests revealed that feeding the filament to 
the pen would require an extra feeding system to be designed. In addition, the 3D Doodler pen 
only operates when its button is pushed, an unnecessary complication. The second design included 
a J-head extruder which many of the current desktop printers use. This design demands more 
implementation efforts, but increases flexibility. 
Learning outcomes: The students learned about the precision of available 3D printing systems 
which was often not within the demanded range. They also reviewed existing concepts and discussed 
futuristic design concepts. 
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Figure 5: Preliminary design of hybrid machine under development 
 
3 Programming of machine control 
The machine control for the first generation was time-consuming and spanned multiple 
platforms (MATLAB, Python, Ch). Therefore, we chose LabVIEW as new control platform that 
offers real-time and closed-loop control which connects well with multiple motor and sensor 
systems. 
 
3.1 Hardware 
The controller hardware is a National Instruments NI myRio, which stands for my Reconfigurable 
Input Output. This controller is connected to a commercial Wii Nunchuck controller as the input 
device (Figure 7). The Nunchuck controller is a joystick used for Nintendo’s Wii gaming console. 
Useable features of the Nunchuck are: a knob that can be used to control rotational velocity of 
Linkbot motor modules and two buttons allowing the developers to control a different set of Linkbot 
modules by engaging these buttons. 
 
 
Figure 7: Wii Nunchuck controller connected to NI myRio 
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With Wii Nunchuck controller connected to the NI myRio and running the LabVIEW code, 
rotational velocity of Linkbots’ is controlled in a real-time. Figure 8 demonstrates the 
maneuverability of the knob with different input cases. 
               
Figure 8: Different positions of the knob with corresponding rotation of motors in L type Linkbot 
 
3.2 LabVIEW code 
The basic system architecture includes one Linkbot module connected to the NI MyRio with a 
USB 2 connection. Barobo, Inc. developed a series of Virtual Instruments (VI) for use in LabVIEW 
that aids communication between the program and the Linkbots. With a simple connection of the 
master module to the NI MyRio, we can run as many as four Linkbots through wireless Bluetooth 
communications. Figure 9 shows the software architecture of the program for controlling two 
Linkbot modules with Wii Nunchuck controller. 
 
3.2.1 Linkbot connection 
 
To control the Linkbot motor modules the VIs provided by the Barobo, Inc. were used (Figure 10). 
The following VIs were used: 
• NEW 
• POWER 
• CLOSE 
NEW VI will be the starting point where we input the four characters of serial ID of a Linkbot 
that is being called. The POWER VI will receive the input from Wii Nunchuck controller, finally the 
CLOSE VI will end the loop. 
 
3.2.2 Wii Nunchuck controller connection 
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Many VIs are implemented to translate the mechanical input of the user from Wii Nunchuck 
controller to rotational velocity in the Linkbots; Figure 11 demonstrates the majority of the code used 
for this translations. 
 
 
 
Figure 9: Full Schematic of the LabVIEW code 
 
 
Figure 10: Virtual Instruments (VI) used in this project for the Linkbot communications 
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 Figure 11: LabVIEW code for using the Nunchuck controller 
 
3.2.3 MASTeR module connection 
 
The MASTeR modules were invented with a focus on torque and dimensional requirements. They 
were based on Arduino hardware as Open Source equipment. One problem encountered was that the 
selected main board does not have a serial communication adapter (USB). The USB adapter is 
required in order to upload code from the user’s laptop to the board. To circumvent this problem, 
the developer can use an Arduino UNO with its ATmega processor chip removed or an FTDI serial 
adapter to connect the USB wire. For the purposes of the students’ capstone design project, this 
module was developed in Arduino development environment and the code is readily available. Figure 
12 demonstrates the serial communication for the Arduino UNO serial communication. 
 
 
Figure 12: Circuit setup for Arduino UNO serial communication 
 
Since this project was mainly focused on switching to NI LabVIEW as controlling software and 
use of Arduino would require user to work with two different user interfaces, the developers are 
researching on methods of controlling Arduino controller with LabVIEW and NI myRio. 
 
3.3 User interface and programming 
The LabVIEW program has a great benefit of built in libraries that allow users to develop an easy 
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to use graphical user interface (GUI). Figure 15 demonstrates the GUI developed for the current 
project with different indicators and switches for a perfect control of motor modules. The GUI also 
helped developers to gain full access to the motor in Linkbots with implementing the Nunchuck Wii 
controller to the system. In order to make it easy for the user, there are indictors provided in the 
user interface (Figure 13) for the buttons and dial indicators for the knob. Therefore, anytime that 
user pushes the buttons or the knob on the controller, it shows up in the LabVIEW user-interface. 
 
 
Figure 13: LabVIEW graphical user interface 
 
3.4 Learning outcomes 
The students learned that Arduino and NI LabView communication is not readily available in 
the software and hard to program. In an industrial setting, Arduino is not as widespread as in 
academia and the maker movement. 
Furthermore, control of the Linkbots with the Wii nunchuk was not as easy as anticipated. The 
students appreciated the amount of available tools to program the user interface. In this task, they had 
to anticipate user-friendliness. 
 
4 Conclusion and outlook 
This paper discussed recent improvements on a multi-purpose desktop machine tool. The modular 
design allows for high flexibility and will serve future DIY user needs. This project is based on 
undergraduate and graduate student work only. Two capstone projects for senior undergraduate 
students were conducted and additional improvements over the academic year. The students have 
appreciated the complex design, applying and broadening programming skills, integration of 
mechatronics and 3D printing. 
Major changes from the previous version to the new one include a new motor module, machine 
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components fabricated through 3D printing and integration of NI LabVIEW based machine control. 
In the future, the control will allow manual machine control using a Wii Nunchuk and automated 
tool path planning. In addition, interaction of humans and cyber-physical systems (CPS) will be 
analyzed. Optical or force sensors will enable closed-loop control. Future work will be heavily 
focused on the data collection, and communications between humans and the CPSs and CPSs control. 
A catalog of possible recommended configurations will be developed. The aim is to allow 
reconfigurations under 5 minutes. 
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